Interferon regulatory factor (IRF) 7 has been demonstrated to be a master regulator of virus-induced type I interferon production (IFN), and it plays a central role in the innate immune response against viruses. Here, we identified death-associated protein kinase 1 (DAPK1) as an IRF7-interacting protein by tandem affinity purification (TAP). Viral infection induced DAPK1-IRF7 and DAPK1-IRF3 interactions and overexpression of DAPK1 enhanced virus-induced activation of the interferon-stimulated response element (ISRE) and IFN-b promoters and the expression of the IFNB1 gene. Knockdown of DAPK1 attenuated the induction of IFNB1 and RIG-I expression triggered by viral infection or IFN-b, and they were enhanced by viral replication. In addition, viral infection or IFN-b treatment induced the expression of DAPK1. IFN-b treatment also activated DAPK1 by decreasing its phosphorylation level at serine 308. Interestingly, the involvement of DAPK1 in virus-induced signaling was independent of its kinase activity. Therefore, our study identified DAPK1 as an important regulator of the cellular antiviral response.
INTRODUCTION
Upon viral infection, host cells activate a series of signaling cascades that lead to the production of type I interferons (IFNs). Type I IFNs are secreted by cells, and they bind to type I IFN receptors in a paracrine or autocrine manner, leading to the dimerization of IFN receptors. The dimerized IFN receptors recruit and activate the kinase JAK1, which phosphorylates STAT1 and STAT2, and they form a transcriptional complex together with interferon regulatory factor (IRF) 9. The STAT-IRF9 complex (also known as ISGF3) binds to conserved DNA sequences in the promoters of a wide range of IFN-stimulated genes (ISGs), and it activates the expression of these genes, eliciting an innate antiviral response. Thus, type I IFNs play a central role in innate antiviral immunity. [1] [2] [3] The detection of invading viruses depends on the host germline-encoded pattern recognition receptors, which recognize pathogen-associated molecular patterns from viruses, such as double-stranded RNA. Of all the characterized pattern recognition receptors, Toll-like receptors and RIG-I-like receptors are well known for their ability to detect viral pathogen-associated molecular patterns and activate signal transduction pathways that lead to the expression of type I IFNs. For example, Toll-like receptor 3 binds to double-stranded RNA, and this binding triggers TRIF-dependent signaling. [4] [5] [6] Additionally, RIG-I recognizes viral RNA and recruits VISA (also known as MAVS, IPS-1 and Cardif) to activate downstream signaling. 2 TRIF and VISA are two critical adaptor proteins that act as platforms for the recruitment of downstream signaling complexes. 5, 7, 8 TRAF6 and RIP1 promote the assembly and activation of the IKK complex, which leads to the phosphorylation and degradation of the inhibitor of NF-kB a and subsequent activation of NF-kB. Additionally, TRAF3, TBK1 and/or IKKe are recruited to form an IRF signaling complex that phosphorylates IRF3 or IRF7. 9, 10 Other components have been identified as necessary for the assembly of these signaling complexes, including TRADD, FADD, MITA and GSK3b. [11] [12] [13] [14] [15] IRF3 and IRF7 are two transcription factors that bind to the interferon-stimulated response element (ISRE) that is located on the promoters of type I IFN genes. 16 IRF3 is constitutively expressed and is responsible for the initial wave of virus-induced transcription of the IFNB1 gene, whereas IRF7 is induced by viral infection and is required for sustained transcriptional activation of IFNB1 and IFNA genes at later infection time points. 17 Therefore, IRF7 is a master regulator of type I IFN production, and its activity is tightly controlled to prevent excessive type I IFN responses. 18 It has been reported that IRF7 is regulated at three different levels, including the transcriptional, post-transcriptional and post-translational levels. Transcription of the IRF7 gene is induced by viral infection or type I IFN stimulation, 19 while the stability of IRF7 mRNA is regulated by FoxO3. 20 The post-translational regulation of the IRF7 protein includes phosphorylation, sumoylation and ubiquitination. It has been reported that TBK1, IKKe and IKKa phosphorylate IRF7, which results in its activation. 10, 21 TRAF6 catalyzes K63-linked ubiquitination of IRF7, which is required for full activation of IRF7, 22 whereas another E3 ubiquitin ligase, RAUL, targets IRF7 for K48-linked ubiquitination and degradation. 23 Although these mechanisms have been characterized, the regulation of IRF7 at different levels is still not fully understood, and whether other mechanisms are involved in the regulation of IRF7 is of great interest.
To search for potential IRF7-interacting proteins, we performed tandem-affinity purification (TAP) with IRF7 as the bait. This effort led to the identification of death-associated protein kinase 1 (DAPK1) as an IRF7-interacting protein. Viral infection resulted in an endogenous interaction between DAPK1 and IRF3/ 7. Overexpression of DAPK1 resulted in virus-induced activation of the IFN-b promoter and expression of the IFNB1 gene. In contrast, knockdown of DAPK1 abrogated virus-induced expression of downstream genes. In addition, DAPK1 was induced by viral infection and was required for the cellular antiviral response. Therefore, our findings demonstrate that DAPK1 is an IRF3/7-associated protein that is required for virus-triggered type I IFN induction and the innate antiviral response.
MATERIALS AND METHODS

Reagents and antibodies
Recombinant TNF-a (R&D Systems, Minneapolis, MN, USA), recombinant IFN-b (Peprotech, Rocky Hill, NJ, USA) and mouse monoclonal antibodies against FLAG (Sigma, St. Louis, MO, USA), HA (Roche, Basel, Switzerland), b-actin (Sigma), IRF3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-IRF3(S396) (CST, Boston, MA, USA), DAPK1 (Sigma, Cat. no. SAB4500620) and phospho(S308)-DAPK1 (Sigma) were purchased from the indicated manufacturers. The viruses Sendai virus (SeV), vesicular stomatitis virus (VSV) and GFPNewcastle disease virus (NDV), and the antibodies for RIG-I and ISG56, have been previously described. 14, 24, 25 A mouse anti-IRF7 antibody was raised against recombinant human fulllength IRF7.
Plasmid constructs NF-kB, ISRE and IFN-b promoter luciferase reporter plasmids, mammalian expression plasmids for HA-or FLAG-tagged IRF7, RIG-I, MDA5, VISA, TRAF3, TRAF6, TBK1, IKKe and IRF3 have been previously described. 7, 24, 26, 27 Mammalian expression plasmids for human HA-or FLAG-DAPK1 and its mutants, and HA-or FLAG-STAT1 were constructed by standard molecular biology techniques.
Protein purification and mass spectrometry analysis
We first made a pCTAP-IRF7 construct, in which the IRF7 cDNA was fused in frame to the C-terminal calmodulin-binding peptide and streptavidin-binding peptide tags in the pCTAP-A plasmid (Stratagene, Santa Clara, CA, USA). In total, 293 cells (1310   9   ) were stably transfected with pCTAP-IRF7 then stimulated with SeV for 3 h. The cells were then collected, and the cell lysate was subjected to tandem affinity purification procedures with the interplay Mammalian TAP System (Stratagene, Cat. no. 240107). The purified IRF7-interacting proteins were digested by trypsin in solution. The tryptic peptides were analyzed by HPLC-ES/MS with a Thermo Finnigan LTQ adapted for nanospray ionization. The tandem spectra were searched against the Homo Sapiens National Center for Biotechnology Information reference database using SEQUEST. The results was filtered by Xcorr 11 .1.9, 12 .2.2, 13 .3.5, sp.500, Deltcn.0.1, Rspf5.
Transfection and reporter assays
The 293 cells ( 1310 5 ) were seeded in 24-well plates and were transfected the following day by the standard calcium phosphate precipitation method. An empty control plasmid was added to ensure that each transfection received the same amount of total DNA. To normalize for transfection efficiency, 0.01 mg of pRL-TK (Renilla luciferase) reporter plasmid was added to each transfection. Approximately 18 h after the transfections, luciferase assays were performed using a dual-specificity luciferase assay kit (Promega, Madison, WI, USA).
Co-immunoprecipitation, immunoblot analysis and VSV plaque assays
These experiments were performed as previously described. 7, 24, 26, 27 Virus manipulation Two hundred and ninety-three cells grown in media containing 1% fetal bovine serum were incubated with VSV at a multiplicity of infection (MOI) of 0.1 for 1 h before the medium was replaced with complete media containing 10% Fetal Bovine Serum (FBS, fetal bovine serum). Twenty-four hours later, the supernatant was harvested and diluted to infect confluent BHK21 cells that were cultured in 24-well dishes. One hour post-infection, the cell culture medium was removed and 2% methylcellulose was overlaid on the cells. On day 3 post-infection, the overlay was removed and the cells were fixed with 0.5% glutaraldehyde for 30 min and stained with 1% crystal violet in 70% methanol for 15 min. The plaques were counted, averaged and multiplied by a dilution factor to determine the viral titer as a log 10 (pfu/ml).
The viral infection was performed when the cells were 70% confluent. The culture medium was replaced by serum-free DMEM, and NDV-GFP was added into the medium at various MOIs, which were determined by the specific experiments. After 1 h, the medium was removed and replaced with DMEM containing 2% methylcellulose. NDV-GFP replication in 293 cells was visualized by fluorescence microscopy.
RNAi experiments Double-stranded oligonucleotides corresponding to target sequences were cloned into the pSuper.Retro RNAi plasmid (Oligoengine Inc., Seattle, WA, USA). The following sequences were used for the human DAPK1 cDNA:
28 DAPK1-RNAi #1: CAAGAAACGTTAGCAAATG; RNAi #2: GGTCAAGGA-TCCAAAGAAG.
Real-time PCR
Total RNA was isolated from cells using Trizol reagent (TAKARA, Japan, Dalian, China) and subjected to real-time PCR analysis to measure mRNA expression. The following gene-specific primer sequences were used: IFNB1: TTGTTGAGAACCTCCTGGCT (forward), TGACTATGGTCCAGGCACAG (reverse); RIG-I: ACGCAGCCTGCAAGCCTTCC (forward); TGTGGCAGCCTCCATTGGGC (reverse); ISG56: tcatcaggtcaaggatagtc (forward); ) were transfected with expression plasmids for FLAG-DAPK1, FLAG-IRF7 (0.5 mg each) and the indicated RNAi plasmids (1 mg each). Twenty-four hours after transfection, the cell lysates were analyzed by immunoblot with anti-FLAG. In the lower panels, 293 cells (1310 7 ) were transfected with a control or the indicated DAPK1-RNAi plasmids (8 mg each) for 36 h. The lysates were analyzed by immunoblot with the indicated antibodies. (e) Effects of DAPK1-RNAi on SeV-induced ISRE activation in 293 cells. In total, 293 cells (2310 5 ) were transfected with the indicated RNAi plasmids (1 mg each) and an ISRE reporter plasmid (0.1 mg). Twenty-four hours after transfection, the cells were left untreated or were infected with SeV for 12 h before the luciferase assays were performed. The graphs show the mean6s.d., n53. *P,0.05; **P,0.01. (f) The 293 cells (1310 6 ) were transfected with the indicated RNAi plasmids (2 mg each). Twelve hours after transfection, the cells were selected with puromycin (1 mg/ml) for 24 h, then infected with SeV or left uninfected for the indicated time points. The cell lysates were analyzed by immunoblot with the indicated antibodies. DAPK, death-associated protein kinase; IRF, interferon regulatory factor; ISRE, interferon-stimulated response element; SeV, Sendai virus. 
RESULTS
Identification of DAPK1 as an IRF7-interacting protein
Previous studies have demonstrated that IRF7 is a master regulator of type I IFN-dependent immune responses. To investigate how IRF7 is regulated in virus-induced signaling events, we attempted to identify IRF7-interacting proteins by TAP as previously described. 29 An expression plasmid for IRF7 tagged with calmodulin-binding peptide and streptavidin-binding peptide was stably transfected into 293 cells, and the IRF7-interacting proteins were purified by using the TAP purification system. The eluted proteins were identified through a shot-gun mass spectometry analysis method. By comparing the experimental purification with other non-related purifications using the same method, we identified DAPK1 in the purified proteins as specifically interacting with IRF7. DAPK1 is a Ser/Thr protein kinase that has been shown to regulate IFN-c-induced apoptosis. 30 Recent studies have also shown that DAPK1 is involved in a diverse range of signaling pathways and that it functions as a tumor suppressor. [31] [32] [33] [34] [35] [36] However, whether and how DAPK1 is involved in virus-triggered type I IFN induction is unknown.
To validate the DAPK1-IRF7 association, we generated FLAG-or HA-tagged DAPK1 expression plasmids and performed transient transfections and co-immunoprecipitation Figure 1) . We next examined the endogenous association between DAPK1 and IRF7 or IRF3. As shown in Figure 1b , DAPK1 did not interact with, or interacted weakly with, IRF7 or IRF3 in resting cells, and these associations were enhanced by SeV infection. These data suggest that DAPK1 interacts with IRF7 and IRF3 after viral infection. Because DAPK1 interacted with IRF7 and IRF3, we examined whether DAPK1 was involved in virus-induced ISRE activation. We observed that overexpression of DAPK1 enhanced SeVinduced activation of ISRE in 293 cell reporter assays (Figure 1c) . We next constructed two human DAPK1-RNAi plasmids (DAPK1-RNAi#1 and DAPK1-RNAi#2), both of which could markedly inhibit the expression of transfected and endogenous DAPK1 in 293 cells (Figure 1d) . We found that knockdown of DAPK1 inhibited SeV-induced ISRE activation (Figure 1e) . We selected the DAPK1-RNAi#1 plasmid for the experiments described below, and similar results were obtained with the #2 RNAi plasmid. Consistent with the observations made in the reporter assays, knockdown of DAPK1 inhibited SeV-induced phosphorylation of IRF3 (Figure 1f ). These data suggest that DAPK1 is important for SeV-induced ISRE activation.
DAPK1 is involved in virus-triggered type I IFN signaling
We next examined the effect of DAPK1 and DAPK1-RNAi on virus-induced activation of the IFN-b promoter. As shown in (Figure 2b ), indicating that DAPK1 is important for virus-induced type I IFN induction. Because DAPK1 interacted with IRF3 and IRF7, we hypothesized that DAPK1 functioned at the level of IRF3 or IRF7. The reporter assay results indicated that knockdown of DAPK1 inhibited IRF3-and IRF7-mediated activation of ISRE (Figure 2c ). It has been reported that IRF3 is constitutively expressed in cells and is responsible for the initial wave of virus-induced transcription from the IFNB1 gene, whereas viral infection or type I IFNs induced the expression of IRF7. IRF7 is required for sustained transcriptional activation of the IFNB1 and IFNA genes following viral infection. 17 To determine whether DAPK1 mediated SeV-triggered IRF3-dependent signaling, we treated 293 cells that were transfected with a control or a DAPK1-RNAi plasmid with the JAK inhibitor Ruxolitinib, then infected the cells with SeV and performed reporter assays. The results suggested that SeV-induced activation of ISRE was inhibited by the knockdown of DAPK1 in the presence or absence of Ruxolitinib (Figure 2d ), indicating that DAPK1 regulates a SeV-triggered IRF3-dependent signaling event. Consistent with these observations, the results from the quantitative real-time PCR analysis showed that knockdown of DAPK1 inhibited SeV-induced transcription of IFNB1, RIG-I and ISG56 in 293 and HeLa cells (Figure 2e and f) . In addition, 1310 7 ) were transfected with the indicated plasmids (6 mg each). Co-immunoprecipitation and immunoblot analysis were performed with the indicated antibodies. DAPK, death-associated protein kinase; IFN, interferon; IRF, interferon regulatory factor. (Figure 3c ). In addition, we found that the knockdown of DAPK1 inhibited TBK1-or IKKe-mediated activation of ISRE (Supplementary Figure 3) . It has previously been demonstrated that TBK1 and IKKe phosphorylate IRF3/7 after virus infection to induce the transcription of the IFNB1 gene, 9, 37 while IKKe phosphorylates STAT1 to mediate IFN-b-dependent signaling. 38 These findings indicate that DAPK1 interacts with IKKe and is involved in both virus-and IFN-b-induced signaling.
Because DAPK1 is involved in both virus-and IFN-binduced signaling, we examined its role in the cellular antiviral response. Knockdown of DAPK1 by RNAi increased VSV and NDV replication (Figure 4a ). These results indicated that DAPK1 is important for efficient cellular antiviral responses through the regulation of both virus-induced type I IFN production and type I IFN-induced signaling.
DAPK1 is induced by SeV infection and IFN-b treatment
When performing the real-time PCR experiments, we repeatedly found that the expression of the DAPK1 gene was increased in cells that were stimulated by SeV or IFN-b (Figure 5a) . SeV-or IFN-b-induced expression of DAPK1 was confirmed at the protein level with immunoblot analysis (Figure 5b ). Autophosphorylation at Ser308 was demonstrated to inhibit the catalytic activity of DAPK1, and the dephosphorylation of Ser308 was required for DAPK1 activation. 39 Interestingly, we found that the level of Ser308-phosphorylated DAPK1 (DAPK1-pS308) was decreased following these stimuli, indicating that DAPK1 was activated after viral infection or IFN-b treatment (Figure 5b) . Interestingly, however, we found that both the kinase active mutant DAPK1(S308A) and inactive mutant DAPK1(K42A) could increase SeVinduced activation of ISRE to similar levels as wild-type DAPK1 (Figure 5c ), indicating that the kinase activity of DAPK1 is dispensable for mediating virus-induced signaling. Taken together, these data suggest that DAPK1 is induced and activated by SeV infection and IFN-b stimulation, supporting the conclusion that DAPK1 is involved in SeV-and IFN-binduced signaling. DISCUSSION IRF7 and IRF3 are master transcription factors of the type I IFNdependent immune response. In this study, we identified DAPK1 as an IRF7/3-interacting protein. Although DAPK1 interacted with IRF7/3 constitutively in a mammalian overexpression system, the endogenous association was viral infectiondependent. This finding can be explained by the observation that DAPK1 was expressed at low levels under physiological conditions and was induced following viral infection.
In our study, we found that overexpression of DAPK1 increased virus-triggered activation of ISRE and the IFN-b promoter, whereas knockdown of DAPK1 inhibited both virusand IFN-b-triggered induction of downstream genes, including IFNB1, RIG-I and ISG56. DAPK1 was specifically involved in SeV-induced activation of the IFN-b promoter, but not in TNFa-induced activation of NF-kB ( Supplementary Figure 2a  and b) , which was consistent with an earlier report showing that DAPK1 has no effect on TNFa-induced activation of NF-kB. 28 Taken together, these results demonstrate an important role for DAPK1 in the type I IFN-mediated immune response.
Our study showed that DAPK1 expression was induced and DAPK1Ser308 phosporylation was decreased following viral infection, indicating that viral infection activates DAPK1. However, both the DAPK1 inactive (K42A) and active mutants (S308A) could increase the SeV-triggered activation of ISRE, 1310 5 ) were transfected with the indicated expression plasmids (1 mg each). Twenty-four hours after transfection, the cells were infected with VSV (MOI50.1). The supernatants were harvested 24 h after infection for standard plaque assays. The graphs show the mean6s.d., n53. *P,0.05; **P,0.01. (b) Effects of DAPK1-RNAi on NDV replication. In the left panels, 293 cells were transfected with a DAPK1-RNAi plasmid (1 mg each). Twenty-four hours later, the cells were infected with NDV-GFP (MOI50.1) for 36 h and then imaged by microscopy. In the right panels, the cell lysates were analyzed by immunoblot with the indicated antibodies. The GFP bands from three independent experiments were quantitated using the Bio-Rad Quantity One Program and normalized to the levels of the control protein b-actin. The graphs show the mean6s.d., n53. *P,0.05; **P,0.01. DAPK, death-associated protein kinase; MOI, multiplicity of infection; NDV, Newcastle disease virus; VSV, vesicular stomatitis virus.
DAPK1 is involved in the innate antiviral response J Zhang et al suggesting that the kinase activity of DAPK1 is dispensable for mediating virus-induced type I IFN signaling. We and others have shown that two kinases, RIP1 and GSK3b, mediate viral infection-induced signaling independent of their kinase activity. 15, 40, 41 It is possible that viral infection leads to the induction and activation of DAPK1, which then interacts with IRF3 and IRF7, contributing to the amplification of type I IFN. Interestingly, we also found that the knockdown of DAPK1 inhibited IFN-b-induced expression of downstream genes, such as ISG56, RIG-I, IRF7, IFNA1 and IFNB1. Consistent with these findings, co-immunoprecipitation experiments demonstrated that DAPK1 interacted with STAT1 and IKKe, which are components of the IFN-b-induced signaling pathway.
These results suggest that DAPK1 also plays a role in the signaling triggered by type I IFNs. Taken together, our results demonstrate that DAPK1 is an important modulator of virus-induced expression of type I IFNs and other downstream genes and that it plays an important role in the innate antiviral response. 
